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ABSTRACT 
In thispaperwecompareobservedverticalprofilesofozone (O3)andmeteorologicalparametersbelow3 km
withthosebasedonanairqualityforecastmodelat14 locationsacrosstheeasternUSduringthesummerof
2007. Segregating the vertical profiles into nighttime (0100 to 0500EST),morning (0600 to 1200EST), and
afternoon(1300to1700EST),theaverageobservedandpredictedO3profilepatternsshowedgoodagreement
above600mwith<15ppbmeanbias,butthemodelfailedtocapturetheobservedrangeofconcentrationsin
the lower600mof theatmosphere.This lackofagreement in the lower levels suggests theneed for further
assessmentof the inputdata (e.g.emissionsandmeteorology)andmodel setup, including theuseofhigher
vertical resolution below 600m, in order to better understand and improve the chemical and dynamical
processesemployedinthemodelingsystem.
Keywords:
CMAQ
Ozone
Airqualityforecast
Modelevaluation
Verticalprofile
ArticleHistory:
Received:13September2010
Revised:07February2011
Accepted:08February2011
CorrespondingAuthor:
KevinCiverolo
Tel:+1Ͳ518Ͳ402Ͳ8402
Fax:+1Ͳ518Ͳ402Ͳ9035
Email:kxcivero@gw.dec.state.ny.us
©Author(s)2011.ThisworkisdistributedundertheCreativeCommonsAttribution3.0License. doi:10.5094/APR.2011.039


1.Introduction

Air quality models such as the Community Multiscale Air
Quality(CMAQ)modelarepresentlybeingusedtoforecastozone
(O3)andfineparticulate(PM2.5)concentrationsandprecursorson
a daily basis. To date most forecast–based model evaluation
studieshavefocusedonsurfacelevelconcentrationsprimarilydue
to human health concerns and availability of ambient air quality
dataonanearreal–timebasis (McHenryetal.,2000;Ederetal.,
2006;Hogrefeetal.,2007;Doraiswamyetal.,2009;Doraiswamy
et al., 2010 ), andmost prognosticmodels have been used in a
diagnostic mode to address uncertainties in model inputs and
dynamics associated with vertical mixing and other transport
processes (Hainset al.,2008;Castellanoset al.,2011).However,
recent studies have included assessment of upper air
concentrationsofO3anditsprecursors(McKeenetal.,2005;Yuet
al., 2006;McKeen et al., 2007; Yu et al., 2007; Yu et al., 2008;
McKeenetal.,2009).

Inthispaper,wetakeadvantageofexistingmeasurementsof
vertical profiles of O3 and meteorological parameters over the
eastern US, a few of which include observations made during
nighttimeandpre–dawnhours,whilepaststudieshavegenerally
focusedondaylighthours (e.g.,ZhangandRao,1999;Castellanos
etal.,2011).MeasurementsofO3intheverticalareoftencollected
sporadicallyduringdaytimehoursbydifferentgroupsandhavenot
necessarily been coordinated. In this study,we pooled the data
frommultiple groups withmeasurements that extended over a
broadgeographicalareacoveringthesoutheasternUSthroughthe
mid–Atlanticregion,resultinginatotalof80ozonesondelaunches
andaircraftflightsinthesummerof2007.Wecomparethevertical
profiles of O3 and meteorological variables from these
measurements with forecast–based CMAQ concentrations and
meteorologicaldata.

2.ModelingSystem

Inthisstudy,weusearchivedforecastedconcentrationfields
from theCMAQ–basedmodelsimulationsperformedduring June
throughAugustof2007.Adetaileddescriptionof the airquality
forecastingsystemisavailableelsewhere(Hogrefeetal.,2007;Yu
etal.,2007;Mathuretal.,2008).Briefly, itconsistsof theCMAQ
(v4.6)airqualitymodeldrivenbythedailyweatherforecastsfrom
the non–hydrostaticMesoscaleModel of theWeather Research
and Forecasting (WRF–NMM) System. The emissions were
processed using PREMAQ (Otte et al., 2004; Otte et al., 2005)
model,anemissionsandmeteorologyprocessordevelopedbythe
U.S.EPAspecificallyforuse inairqualityforecastingsystems.The
emissions were based on an average 2001 national emission
inventory adjusted annually for the appropriate year. Biogenic
emissionswereestimatedusing theBiogenicEmissions Inventory
System(BEIS3.12)(Pierceetal.,2002)incorporatedintoPREMAQ.
More details on the emission inventorymodeling can be found
elsewhere(PouliotandPierce,2003;Otteetal.,2004;Otteetal.,
2005;Mathuretal.,2008;Doraiswamyetal.,2010).Itisimportant
tonote thatunlikemeteorological fields,airqualitymodel–ready
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anthropogenicemissionsaregenerallynotavailable in real–time,
as development of reliable inventories can take three or more
years to assemble. Consequently, pre–computed adjusted
historicalinventorieswereusedforpoint,areaandmobilesources.
Furthermore,forecastmeteorologicalfieldswereusedtoestimate
biogenicemissionsand toestimateplume rise forpoint sources.
Whilethis isan inherent limitationofmostforecast–basedmodel
systems, such simulations may help in the diagnostic model
assessmentaswellascontinued improvementof thesemodeling
platforms.

Foreachday,the48hourforecastsimulationwasinitializedat
0700EST,with predicted concentration fields from the previous
day’s simulation. All simulations used time–invariant boundary
conditions based on climatological vertical profiles originally
described inU.S.EPA (1999).Themodelingdomaincoveredmost
of the easternhalf of theUnited Stateswith a 12km horizontal
grid resolution. The surface layerwas approximately 35m thick.
Themodel was configured with 22vertical layers with the first
14layers covering approximately the lowest 2.7km of the
atmosphere.Only thedatacorresponding to the lowest14layers
werearchivedregularlyandwereavailableforthisanalysis.

3.Measurements

Threeozonesondesiteswereused inthisanalysis.Datafrom
two sites–Wallops Island, VA and Huntsville, AL (identified,
respectively, as Sites1 and 2 in Figure 1) – are archived at the
World Ozone and Ultraviolet Radiation Data Centre (WOUDC,
2009),aspartof theWorldMeteorologicalOrganization’sGlobal
AtmosphericWatchprogram.TheothersiteislocatedinBeltsville,
MD (identified as Site3 in Figure 1). This site is operated by
HowardUniversity (Yorks et al., 2009) and the data used in this
studywere obtained from Prof. E. Joseph of Howard University
(personal communication, 2010). For this three–month period in
2007 we obtained 12profiles from Wallops Island, 17from
Huntsville,and20fromBeltsville.

Figure1.Mapshowing the locationsof theobservationsites.SeeTable1
forthemappingofthenumberstothesitedescriptions.

Data collected during these launches include O3
concentrations and various meteorological parameters including
temperature, pressure, winds, and water vapor. Although data
fromthese launchesaresometimesavailableuptoapproximately
35km above ground level (AGL), our studywas limited to data
below 3km because our archivedmodel data, as noted before,
extendedonlyuptothislevel.

The University of Maryland operated numerous research
aircraft flightsduringthesummerof2007aspartoftheRegional
Atmospheric Measurement, Modeling, and Prediction Program
(UniversityofMaryland,2010). In this study,datawereavailable
from 31vertical spirals above 11regional airports (identified as
Sites4through14inFigure1)inthemid–Atlanticregionstatesof
SC,NC,VA,andMD.Theseaircraft–baseddata,generallycollected
during daylighthours, include temperature,water vapor, andO3
concentrations reported up to nearly 3km. The combined
measurement dataset of sonde launches and aircraft spirals
consistedof80setsofverticalprofiles,andTable1 lists someof
the salient details of both the sonde and aircraftmeasurement
locations. It shouldbepointedout that rather than investigating
individualprofiles(asattheaircraftspiral locationstherearefour
orfewerprofiles),agroupingoftheprofilesbytimewasselected:
“nighttime” (0100 to 0500EST; 9 profiles), “morning” (0600 to
1200EST; 14 profiles), and “afternoon” (1800 to 2200GMT; 57
profiles).Nighttimedata (9 totalprofiles)wereavailableonly for
twostations,Huntsville,ALandBeltsville,MD,withthemajorityof
theremainingprofilesbeingmostlyintheafternoonperiod.

4.DataAnalysis

Weexamined themodeledandmeasuredprofilesofO3and
meteorological parameters two ways. First, we examined the
averagemodelperformanceoverthecourseofaday.Thepurpose
of this time of day analysis was to investigate possible biases
between modeled and measured profiles attributable to the
overall dynamical processes occurring within or above the
planetaryboundarylayer(PBL).Thenextanalysiswasfocusedona
three–dayperiod in JulyatBeltsville,MD forwhichweexamined
theprofilesduringthenighttimeandafternoonhourstoassess if
the modeling system is able to characterize such features as
nocturnal low–level jets(LLJ)andtheverticalstructurewithinand
abovethenocturnalPBL.

5.Results

5.1.Timeofdayanalysis

Figure 2a–c displays themodeled andmeasuredO3 profiles
groupedbynighttime,morning,andafternoonhours,respectively.
Themeasureddatawere furtheraveragedbyapproximatemodel
layer. The error bars shown in Figure 2a–c denote one standard
deviation about themean for eachmodel layer. In general, the
extent of variation in the model predictions for each layer, as
evidencedby the standarddeviation,was similar to that seen in
observedprofiles.Visualexaminationofthe figures indicatesthat
there is good agreement between measured and modeled O3
above the nocturnal boundary layer of 600m for the nighttime
(seeFigure2a).However,atnightnearthesurface,O3predictions
areapproximately20–30ppbhigherthanmeasured.Thissuggests
that either the dry deposition parameterization in the CMAQ
model is not adequate to characterizeO3 loss at the surface, or
there isnotenoughO3titrationatnightbynitricoxide(NO)(e.g.,
Castellanosetal.,2011). It isalso likely thatwithonlytwomodel
layers in the lowest 100m above the surface, the vertical
resolutioninthemodelisperhapstoocoarsetocharacterizenear–
surfacedynamicalprocesses.During themorninghourswhen the
PBL is growing rapidly, the model–based concentrations show
better agreement near the surface, but the model tends to
underpredictO3above600mbyabout10–15ppb(seeFigure2b).
This isan interesting featurewhich isdiscussed later.During the
afternoon hours (see Figure 2c) the model exhibited better
agreementthroughoutthelowertroposphere,withaslightdegree
ofunderpredictionof5ppborless.Thissuggeststhat,onaverage,
verticalmixingprocessesarecapturedwellinthemodelduringthe
afternoon hours, as neither themeasured andmodeled profiles
exhibitasubstantialconcentrationgradientthroughoutthelowest
2km.

The dynamics of how the vertical profile changes over the
courseofadaydifferbetweentheobservedandpredicted
profiles.Inthecaseofobservedprofilesatnighttime,theyshowa
sharplyvaryingverticalprofilebelow600mwithlowO3
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Table1.Listingoftheozonesondelaunch,andaircraftspirallocationsduringthesummerof2007used
inthisanalysis.RefertoFigure1forsitelocationsacrossthemodelingdomain
Site# Sitename(ID) Latitude/Longitude Numberof
profiles
Profilesbytimeofdaya(N=nighttime,
M=morning,A=afternoon)
(a)Ozonesondes(49profiles)
1 WallopsIsland,VA(STN107)b 37.93°N/75.47°W 12
N:0
M:1
A:11
2 Huntsville,AL(STN418)b 34.72°N/86.64°W 17
N:2
M:0
A:15
3 Beltsville,MDc 39.05°N/76.88°W 20
N:7
M:1
A:12
(b)Aircraftspirallocations d (31profiles;nonighttime)
4 Churchville,MD(0W3) 39.57°N/76.20°W 4 M:0
A:4
5 Cumberland,MD(CBE) 39.62°N/78.76°W 4 M:3
A:1
6 Easton,MD(ESN) 38.80°N/76.07°W 4 M:0
A:4
7 Winchester,VA(OKV) 39.14°N/78.14°W 4 M:3
A:1
8 Luray,VA(W45) 38.67°N/78.50°W 3 M:3
A:0
9 Shelby,NC(EHO) 35.26°N/81.60°W 1 M:1
A:0
10 Lexington,NC(EXX) 35.78°N/80.30°W 2 M:0
A:2
11 Concord,NC(JQF) 35.39°N/80.71°W 4 M:2
A:2
12 Statesville,NC(SVH) 35.77°N/80.96°W 2 M:0
A:2
13 Albemarle,NC(VUJ) 35.42°N/80.15°W 2 M:0
A:2
14 Lancaster,SC(LKR) 34.72°N/80.85°W 1 M:1
A:0
aNighttime(0500ESTandearlier),morning(0600–1200EST),afternoon(1300–1700EST)
bWorldOzoneandUltravioletRadiationDataCentre(http://www.woudc.org/index_e.html)
cYorksetal.(2009)
dRegionalAtmosphericMeasurement,Modeling,andPredictionProgram(http://www.atmos.umd.edu/׽RAMMPP)

concentrationsaround10ppbnear thesurfaceand increasingby
׽8ppb every 100m to about 55ppb around 600m. During the
morning hours, the average concentration near the surface
increases to ׽65ppb and stays nearly uniform throughout the
lower troposphere by ±5ppb. During the afternoon hours, the
surfaceO3concentrationsarehigherby׽5ppbthanthemorning
hours,andstaynearlyuniform intheupper layersaswell,similar
tothepatternnotedforthemorninghours.Itispossiblethatthis
increase in thesurfaceO3concentrations iscausedbydownward
mixing of O3 from the upper layers, associated with the rapid
expansion of the PBL, a point raised by Zhang and Rao (1999).
However,theobservedO3concentrationsintheupperlayersfrom
600to2500mdidnotdecreasewiththeexpansionofthePBLand
the associated vertical mixing. This suggests that there is an
additionofO3byeitherphotochemicalproductionorbytransport
fromupstreamlocations.

Thepredictedprofilescontrasttheobservedprofilesinseveral
ways:1)nighttimesurfacepredictedconcentrationsare20–30ppb
higher than observed; 2) the rate of increase in the predicted
surface concentrations is much smaller than observed (i.e.,
predictedO3 increased from35 to65ppb,whileobservedvalues
increasedfrom׽10to65ppb);and3)theO3concentrationsabove
600m duringmorning and afternoon hours decreased from the
nighttime concentrations. The smaller increase in surface
concentrations between nighttime and morning hours suggests
thatthegrowthofthePBLduringthemorninghoursinthemodel
maynotbeasrapidasthatinreality.Thedecreaseinthepredicted
upperlayerO3betweennighttimeandmorninghourssuggeststhat
themodelismixingO3verticallywiththeexpansionofthePBL;but
thefactthattheobservedupperlayerO3concentration increased
during the same time period suggests that the model may be
missingtheadditionofO3fromeithertransportorphotochemical
production.Thesimilarityofverticalprofilesduringtheafternoon
hoursbetweenobservedandpredictedO3isalsosupportiveofthe
modelcapturingthemixingprocesses intheatmosphere,butthe
slightly lower bias suggests again the missing contribution of
additionalO3inthemodel.

5.2.Multi–dayepisodeanalysis

The only period during the summer of 2007with available
profile data on at least three consecutive dayswas the July 9–
11period at the Beltsville,MD site. Figure 3 displays the time
seriesofhourlyobservedandmodeledsurfacelevelO3duringthis
period.ThehighestobservedO3concentrationof99ppboccurred
on July 9, and the peak observed concentrationswere less than
80ppbon thenext twodays.Thehighestmodeledconcentration
of 108ppb occurred on July 10, and the peak modeled
concentrationsweremore than 20ppb lower on July 9 and 11.
Hence this period is not necessarily typical of an extreme O3
episodethatspansseveraldays.
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Figure 2. Vertical profiles of average O3 concentration (ppb) during (a)
nighttime(0100Ͳ0500EST),(b)morning(0600Ͳ1200EST),and(c)afternoon
(1300Ͳ1700 EST) hours. Observed data are shown in blue and model
predictionsareshowninred.Theerrorbarsdenoteonestandarddeviation
abouttheaverageforeachmodellayer.

Figure 3. Time series of predicted (red) and observed (blue) O3 concenͲ
trationsatthesurfacemonitoratBeltsville,MD,fromJuly9Ͳ11,2007.

Figures 4 to 7 display themeasured and predicted profiles
during this period, respectively, with each figure displaying (a)
temperature, (b) O3, (c) water vapormixing ratio and (d) wind
speedupto1.6kmtofocusonthePBL.OntheafternoonofJuly9,
the model predictions display <1°C bias for temperature
(Figure4a) and ׽1g/kg bias for water vapor mixing ratio
(Figure4c) above 100m.While the observed and predicted O3
profiles(Figure4b)showawell–mixedatmosphere,thepredicted
concentrationswereabout20–30ppblowerthroughoutthelower
troposphere. In terms of wind speed (Figure 4d), the model
exhibitedagradualincreasewithheight,butdidnotreproducethe
detailed features in theobservedprofile,perhaps limitedby the
verticalresolutioninthemodelingsystem.

OntheearlymorningofJuly10,themodelexhibitedverylow
biasfortemperature(<1°C;Figure5a)andO3(<2ppb;Figure5b)
above 400m, but did not capture the detailed features in these
parameters below 400m. Themodel also underpredictedwater
vapor (Figure 5c) throughoutmuch of the lower troposphere. It
also predicted a wind speed maximum in the nocturnal PBL,
corresponding toa LLJ,whichqualitativelyagreeswithwhatwas
observed;however, thedecrease inwind speedwithheightwas
moregradualthanobserved(Figure5d).

TheafternoonofJuly10(Figures6a–d)illustratesthemodel’s
inability to reproduce the observed day–to–day variations in
meteorologyandO3.ThemodeledprofilesineachpanelofFigure
6showthatduringtheafternoon,theatmosphereshouldbewell–
mixed, with the typical lapse rate in temperature and minimal
variation inO3,watervapor,andwindspeed inheight.However,
on this day there are substantial discrepancies between the
observedandpredictedprofiles,especiallynearthesurface.

Itmustbenoted that the largebias (>60ppb) in surfaceO3
predictions on the afternoon of July 10 seen in Figure 6b is not
typical.Previousevaluationof the samemodeling system for the
summer of 2006 showed a typical bias of ±10–15% in 1–h daily
maximumO3 over thewhole domain (Doraiswamy et al., 2009),
which isconsistentwithperformancereported in literature(Yuet
al.,2007;Caietal.,2008).Figure3showed thatatnighttime the
predicted surface O3 concentrations are typically 10–20ppb
greaterthanobserved,butthatmodelpredictionsgenerallytrack
the observed time series. However on July 10, the observedO3
decreased sharply after 1000EST,while themodel continued to
increase until about 1500EST before beginning to decline,
resultinginahugebiasofmorethan60ppbin1–hconcentration.
TheatypicaldeclineinobservedO3suggeststhepossibleinfluence
oflocalizedweatherdisturbancethatmaynothavebeencaptured
bytheforecastmeteorologicalmodel.From1100to1200EST,the
CASTNet station in Beltsville recorded sharp decreases in
temperature(34to28°C)andsolarradiation(632to207W/m2),a
sharp increase inrelativehumidity(43to67%),andvariablewind
speeds, suggesting an abrupt increase in local cloud cover (U.S.
EPA, 2010). Note in Figure 6a a 10°C warm bias in modeled
afternoon surface temperatures, and Figure 6d, which showed
uniformmodeledwind speed in the vertical,while theobserved
windspeeddisplayed low level jet–likestructure. All thesepoint
tothe influenceof localweatherpatternsthatwerenotcaptured
by the 12kmhorizontal grid resolutionof the forecastmodeling
system.

The measured and predicted pre–dawn profiles on July 11
(Figures 7a–d), while showing similarities to those on July 10
(Figures 5a–d), also showed some differences in the lower
atmosphere. The best agreement between measurements and
modeled predictions occurred above about 600m, especially for
temperature, O3, and wind speed. Unlike the other profiles
throughout this episode, however, the model tended to
overpredictwater vapormixing ratios by 2–3g/kg above 600m.
Below 600m, the observed O3 profile showed a monotonic
decrease on July 11, but showed distinct vertical structure on
July10associatedwiththenocturnalLLJdiscussedabove.Onboth
nights,however,themodeldidnotcapturetheobservedfeatures
ormagnitudeoftheO3profilesnearthesurface,againreinforcing
theneed for improvement in thenear–surface chemical/physical
processes.

Clearly,thisanalysispointstotheneedforverticalsoundings
with high temporal resolution (e.g. several per day) over
consecutive days rather than “snapshots,” which would help to
better diagnose these model simulations, with the goal of
providinginsightintoemissionsanddynamicalprocessesaswellas
in model improvement. It should be noted that the modeling
resultsutilizedinthisanalysisarebasedonforecastmeteorological
fields,emissionsestimatesbasedheavilyonadjustedhistorical
inventories,andunchangingboundaryfields.Thegoodagreement
between theobservedandmodeledprofilesabove thesurface is
quiteencouraging,suggesting thatsuchaplatformcouldbeused
toperformdiagnosticanalysis for the improvementof themodel
parameters.

6.Summary

A comparison of observed vertical profiles of O3 and
meteorologicalparameterswiththosefromanairqualityforecast
modelatvariouslocationsacrosstheeasternUSsuggeststhatthe
modeling systemperformsbetterabove the lowest600mabove
groundlevel.ThemodeltendstooverpredictO3nearthesurface,
especially before sunrise, suggesting that the model does not
adequately characterize chemical or dynamical processes well
duringnighttimehours;duringtheafternoonhours,themodel
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Figure4.Observedandpredictedprofilesof(a)temperature(°C),(b)O3(ppb),(c)watervapormixingratio(g/kg),and(d)windspeed(m/s)onJuly9,2007at
1300EST.Observeddataaredenotedwith“×”andmodelpredictionsaredenotedwithopenboxes.

Figure5.SameasFigure4,butforJuly10,2007at0100EST.
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Figure6.SameasFigure4,butforJuly10,2007at1500EST.

Figure7.SameasFigure4,butforJuly11,2007at0100EST.



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agreementisconsiderablybetter.Whilethemodelperformancein
an average sense is generally good, examination of a three–day
period shows that the model cannot be expected to match
observedprofilesofO3andmeteorologicaldatainthelower600m
onadaytodaybasis,giventheday–to–dayvariability(sometimes
highlylocalized)intheseparameters.Theanalysespresentedhere
suggestthatthesetypesofmodelsimulationswouldbenefitfrom
additional vertical data collected as routinely as resources could
allow.

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